Functional deficits in sensory systems are commonly noted in neurodevelopmental disorders, such as the Rett syndrome (RTT). Defects in methyl CpG binding protein gene (MECP2) largely accounts for RTT. Manipulations of the Mecp2 gene in mice provide useful models to probe into various aspects of brain development associated with the RTT. In this study, we focused on the somatosensory cortical phenotype in the Bird mouse model of RTT. We used voltage-sensitive dye imaging to evaluate whisker sensory evoked activity in the barrel cortex of mice. We coupled this functional assay with morphological analyses in postnatal mice and investigated the dendritic differentiation of barrel neurons and individual thalamocortical axon (TCA) arbors that synapse with them. We show that in Mecp2-deficient male mice, whisker-evoked activity is roughly topographic but weak in the barrel cortex. At the morphological level, we find that TCA arbors fail to develop into discrete, concentrated patches in barrel hollows, and the complexity of the dendritic branches in layer IV spiny stellate neurons is reduced. Collectively, our results indicate significant structural and functional impairments in the barrel cortex of the Bird mouse line, a popular animal model for the RTT. Such structural and functional anomalies in the primary somatosensory cortex may underlie orofacial tactile sensitivity issues and sensorimotor stereotypies characteristic of RTT.
| I N TR ODU C TI ON
Rett syndrome (RTT) is a neurodevelopmental disorder caused by mutations in the MECP2 gene on the X chromosome located at Xq28 (Amir et al., 1999) . MECP2 acts as a transcription repressor or activator of many genes throughout the genome and its loss of function or overexpression leads to cognitive and behavioral deficits observed in childhood development (Calfa, Percy, & Pozzo-Miller, 2011; Kaufmann, Johnston, & Blue, 2005; Na, Nelson, Kavalali, & Monteggia, 2013) . In the mouse brain, Mecp2 protein and mRNA expression is widespread, and conspicuous in the thalamus and neocortex (Dragich, Kim, Arnold, & Schanen, 2007; Jung et al., 2003; Kishi & Macklis, 2004) . Several studies have examined aspects of dendritic differentiation, spine genesis, and electrophysiological properties of Mecp2 mutant neurons in different regions of the mouse brain, such as the hippocampus and the prefrontal cortex. However, no systematic study has been done in the developing somatosensory (barrel) cortex in Mecp2 constitutive or region-specific mutants to investigate how Mecp2 deletion affects the thalamocortical synaptic circuitry of the somatosensory system.
Mecp2 is X-linked and mutant homozygous female mice do not survive; males carrying the mutation (2/y) survive and are considered Mecp2-null. Mecp2 null mice exhibit several characteristics of RTT at 3-8 weeks of age, while heterozygous female mice exhibit some of the characteristics of RTT after 6 months. Several research groups have generated Mecp2 mutant mouse lines. The initial constitutive Mecp2 deletion resulted in embryonic lethality (Tate, Skarnes, & Bird, 1996) . Adrian Bird's laboratory circumvented embryonic lethality by conditional gene deletion approach. The resultant mouse line is known as the Bird model (Guy, Hendrich, Holmes, Martin, & Bird, 2001 ). Breeding Mecp2 heterozygous (Mecp2 In many neurodevelopmental disorders, such as RTT, sensory processing deficits are common. A conspicuous behavioral stereotypy in children with RTT is hand to mouth kneading movements, which has both tactile sensory and motor components. In the human primary somatosensory cortex, proportionately largest areas are devoted to the hands and mouth. Likewise, in the mouse primary somatosensory cortex, a very large area is devoted to the representation of the facial whiskers. In fact, each whisker has a distinct, corresponding neural module known as a "barrel" because of the arrangement of layer IV neurons in a cylindrical array, with its center (hollow) filled by the discrete terminal arbors of thalamocortical axon (TCA) arbors corresponding to single whiskers (Agmon, Yang, Jones, & O'Dowd, 1995; Lee, Iwasato, Itohara, & Erzurumlu, 2005; Rebsam, Seif, & Gaspar, 2002; Senft & Woolsey, 1991; Woolsey & Van der Loos, 1970) . Thus, the whisker-barrel pathway of mice provides a unique model to study sensory processing defects in mutant mouse models of neurodevelopmental disorders.
In this study, we investigated peripherally evoked sensory activity in the barrel cortex of male Mecp2 null mice and present analysis of the morphological differentiation of TCA terminals and dendrites of the barrel cells that receive peripherally evoked activity through them.
| M A TE RI A L S A ND M E TH ODS

| Animals and brain samples
We bred the mice in house using Mecp2 heterozygous (Mecp2 IMSR_JAX:000664). In all experiments, we used male offsprings,
Mecp2
2/y (null phenotype) and Mecp2 1/y (controls). We genotyped the postnatal mice from our Mecp2 colony by preparing DNA from tail samples and polymerase chain reaction (PCR) analysis, as previously described (Lo, Blue, & Erzurumlu, 2016 For morphological analyses, the mice were overdosed in a regulated anesthesia machine induction chamber with 5% isoflurane. Upon reaching a deep surgical plane of anesthesia, we performed bilateral thoracotomy and perfused transcardially with saline followed by 4% paraformaldehyde (PFA). Next, we extracted the brains and kept them in the same fixative overnight before processing for carbocyanine dye labeling as described below.
All morphological experiments were done in a masked fashion, where the investigator collecting the data was unaware of the genotype of the animal.
| Voltage-sensitive dye optical imaging
We imaged single whisker-evoked activity (E2 whisker) in the barrel cortex of five Mecp2 2/y and five control (Mecp2 At the start of each optical imaging session, we obtained a grayscale image of the dural surface and saved it as a graphic file. Each experiment consisted of 100 trials with 500 frames per trial. Whisker stimulation (air puff) was delivered at the 250th frame, one trial per stimulus and the intertrial interval was 12 s. We calculated the change in fluorescence as DF/F (%) using the BrainVision Analyzer. DF/F denotes the difference in fluorescence intensity at resting state before stimulation and the change in intensity after stimulation. We generated a pseudocolor map using first frame analysis and then by averaging the data for each session (Ferezou, Bolea, & Petersen, 2006; Tsytsarev, Pope, Pumbo, Yablonskii, & Hofmann, 2010) . Image acquisition, whisker stimulation, calculation of DF/F, and generation of pseudocolor maps were all done by computer and imaging programs, obviating any experimenter bias.
We use MiCAM02 system for imaging, which allows the user to calculate the standard deviation to quantify the degree of variation or dispersion within a data set from single imaging sessions. In all our imaging sessions, we found that the first, the last, and the in-between trials of a set of 100, the repeatability of the whisker-evoked response was consistent within the individual animals and genotype. Ballester-Rosado et al., 2010; Lee et al., 2005; Rebsam et al., 2002; Suzuki et al., 2015) . The results from the current study allows comparison with all the other reports on P7 TCA axon arbors in the barrel cortex of normal and mutant mice.
We euthanized and perfused the mouse pups (as described above, in Section 2.1) at postnatal day 7. We extracted the brains and postfixed them in 4% PFA overnight. Next day, we cut sections at an oblique angle to preserve the thalamocortical projections (Lee et al., 2005) . We collected two to three thick sections (250 lm) for TCA labeling. We selected a small crystal of DiI (1,1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate, Molecular Probes, Eugene, OR) with a 30-gauge needle and inserted the crystal into the ventroposteromedial (VPM) nucleus of the thalamus under a dissection microscope (Olympus, Tokyo, Japan). Sections were then placed in the fixative and kept in dark for 2-3 weeks for dye diffusion. Sections containing DiIlabeled TCAs were then mounted on glass slides, and coverslipped with fluorescence mounting medium.
We examined the DiI-labeled TCAs under a Leica TCS SP2 confocal microscope (Heidelberg, Germany). We identified specimens in which a single axon could be traced from the internal capsule into the barrel field. Reconstructions were made from image stacks using ImageJ (NIH) and Photoshop (Adobe, San Jose, CA). We quantified the number of terminal tips and measured the length of the lateral extent of each individual afferent arbor as described before (Lee, 2009 ).
| Golgi-Cox impregnation and morphometric analyses
We took brain samples from young (30-45 days old) Mecp2 2/y and Mecp2 1/y (control) male mice (n 5 3 each), flattened the cortices, immersed them in Golgi-Cox impregnation solution for 2-3 weeks and then cut at a thickness of 100 lm using a vibratome as previously described (Chu, Yen, & Lee, 2013) . We chose layer IV spiny stellate cells for morphological examinations using the following criteria: (a) location in the barrel wall; (b) spiny appearance; and (c) oriented dendrites. We collected isolated barrel cells that fulfilled these three criteria, in an investigator unaware of the genotype fashion. Our analyses were based on 18 neurons from three control and 37 neurons from three mutant mice.
We acquired stacks of images, reconstructed the neurons and analyzed them using Neurolucida software (Microbrightfield Bioscience, Williston, VT) as previously described (Chu et al., 2013) . We used Sholl and branched structure analyses in the Neurolucida Explorer software toolbox to quantify the topological parameters (e.g., numbers of dendritic segment in each order, bifurcation nodes, dendritic segments, and terminals) and size-related parameters (e.g., soma size, dendritic length, numbers of intersections, bifurcation nodes and terminals at different distances from the soma). The included angle denotes the widest angle between the two furthest terminals while the soma is the center. The dendrites derived directly from the soma are the first-order branches or primary dendrites. The daughter branches arising from those are second-order branches, and so on. The point at which a dendrite gives rise to two daughter branches is called a bifurcation node. The termination of a dendrite is called a terminal. The dendritic segments between soma and a bifurcation node or two bifurcation nodes are termed internodal segments whereas, the segments between a bifurcation node and terminal are called terminal segments.
Our dendritic spine analyses were based on 22 primary dendritic segments, 28 secondary segments, 33 third order segments and 54 fourth and higher order segments from control and 28 primary dendritic segments, 37 secondary segments, 44 third order segments, and 62 fourth and higher order segments from mutant barrel neurons. We measured the length of the segments and counted spines (all dendritic protrusions on the segments). The density of dendritic spines was determined and expressed as the number of spines per lm for each different order dendritic segment.
| Statistical analysis
Two-tailed Student's t-test was applied for statistical evaluation of mean. Data were expressed as mean 6 SEM. The statistical criterion for significance was p < .05.
| R ESU L TS
| VSD imaging of the barrel cortex following single whisker stimulation
A previous study in the Bird model mice (the line we used) reported that Mecp2 2/y mice have smaller barrels but the whisker-specific barrel patterning can be discerned (Moroto et al., 2013) . How does whisker stimulation activate the less defined, smaller barrels in the Mecp2 deficient cortex? We chose VSD imaging to visualize sensory activity in the barrel cortex. Voltage-sensitive dye imaging (VSDi) has been used to image topographic activation of sensory maps in the visual, somatosensory, and auditory cortices in several species ranging from rodents to primates, and it is a reliable measure of spatiotemporal pattern of sensory evoked activity in the neocortex (Grinvald, Omer, Sharon, Vanzetta, & Hildesheim, 2016) .
In both mutant and control animals, VSD signal appeared just after the frame when the stimulus was presented and reached its peak 35-45 ms after the stimulus onset, and then decreased and returned to baseline ( Figure 1 ). As noted in the Section 2, we delivered 10 ms duration air puffs (45 kPA) through the Picospritzer and each puff moved the E2 whisker 1 mm in the dorsoventral direction.
For quantitative analysis, we calculated the number of pixels with the highest value of fluorescence at 40 ms after the stimulus onset.
The activated area in the Mecp2 2/y mouse barrels had a much less distinct border and was less focalized in comparison to the control barrel cortex. Our results also showed that in Mecp2 2/y mice, the numbers of pixels with a fluorescence value above 90% of all the pixels in the imaging area were much lower in Mecp2 2/y animals than in control animals ( Figure 1 ). Aside from being weak, optical signals were less focalized in the mutant mice, and the whisker-evoked activity pattern in the mutants is roughly topographic but diffuse with a more irregular shape and less clear border. Obtained VSDi data indicate weakened and less specific whisker-evoked activity in the barrel field of the S1 in Mecp2 
| Comparison of TCA terminal arbors
Our functional assays indicated altered neuronal activities in layer IV barrel cortex of Mecp2 2/y mice. In the somatosensory system, the TCAs carrying the somatic information, project to the barrel cortex, particularly to the layer IV, and activate the cortical neurons. We asked the question whether the structural features of TCAs and layer IV spiny stellate cell in the barrel cortex of Mecp2 2/y mice are also altered. If so, these alterations might be the anatomical basis of functional deficits.
To test this hypothesis, we labeled the TCAs by inserting a tiny piece of DiI crystal into the VPM and traced DiI-labeled single TCAs in the barrel cortex (Figure 3a) . In both control and Mecp2 2/y mice, TCA arbors mainly clustered in layer IV. Compared with the cases collected from control mice, we noted significant decrease in TCA terminal tips in Mecp2 2/y mice (Figure 3b ), suggesting reduced neurotransmission between TCAs and layer IV neurons. However, TCAs in control and Mecp2 2/y mice had comparable lateral extent in the coronal plane (Figure 3c ).
| Dendritic complexity and spines of stellate cells along the barrel walls
Next, we examined the dendritic complexity of layer IV neurons located along the barrel walls. Golgi-stained spiny stellate cells were collected from control and Mecp2 2/y mice and reconstructed for morphometric analyses (Figure 4a ). In general, layer IV spiny stellate cells in both genotypes oriented their dendrites toward the barrel hollows. The overall dendritic orientation was comparable between the two groups (Table 1) . However, neurons from Mecp2 2/y mice had smaller soma size, dendritic arbors, and shorter dendritic length compared to control mice (Table 1) . These results are in line with the report that Mecp2 2/y mice have smaller barrels while the pattern is still present (Moroto et al., 2013) . We evaluated the complexity of dendritic arbors by a series of three-dimensional concentric spheres. We counted the numbers of intersections between the spheres and dendrites (Figure 4b ). (Table 1) . We also quantified the dendritic segments in each order and found that the numbers of dendritic segments were comparable between the genotypes in lower (1-3) orders. However, in higher (4) dendritic orders, the segment number was significantly reduced in neurons of Mecp2 2/y mice (Figure 4e ). We further measured the length of dendritic segments in different dendritic orders.
Neurons in Mecp2
In neurons of mutant mice, the length of the internodal segments was shorter than those in controls, especially in the first and second order dendrites ( Figure 4f) . However, the length of the terminal segments was comparable between the two groups ( Figure 4g ). Our dendritic analyses reveled the abnormal growth and branching of dendrites in layer IV spiny stellate cells in Mecp2 2/y mice.
Next, we analyzed the characteristics of dendritic spines in Mecp2 2/y mice. Golgi-stained dendritic segments were collected from different dendritic orders (Figure 5a ). The spine density in Mecp2 2/y mice was significantly reduced in the third and higher order dendrites (Figure 5b ). We also measured the diameter of dendritic segments and found that dendritic segments are thinner in neurons from Mecp2 2/y mice compared to those from control mice ( Figure 5c ). Next, we measured the size of spine heads. The diameter of spine head was shorter in Mecp2 2/y mice compared to those from control mice (Figure 5d ).
| D I SCUSSION
Genetic manipulations in mice provide useful animal models to probe into cellular and molecular mechanisms underlying various sensorimotor and cognitive phenotypes associated with neurodevelopmental disorders such as RTT. The mouse barrel cortex is also quite amenable to investigate structural and functional sensory deficits related to specific gene mutations. Here, we show that in a mouse model of RTT, Mecp2 null mice, whisker-evoked activity in the barrel cortex is weak and diffuse. This is in agreement with and complementary to the previously reported "weak" barrel patterning in the somatosensory cortex of the Results are mean 6 SEM. Asterisks are used to indicate significant difference between control (n 5 16 TCAs from six mice) and Mecp2 2/y (n 5 22 TCAs from seven mice) groups (***p < .001).
Scale bar 5 100 lm
Bird line of Mecp2 null mice (Moroto et al., 2013) . Further investigations of TCA arbor terminals in postnatal mice and dendritic complexity and spine analyses in young adult mice also indicate that morphological differences most likely pave the way to functional defects.
| Cortical activity in Mecp2 null mice
Excitation/inhibition (E/I) balance plays an important role in various brain network functions and Mecp2 protein is essential for neuronal maturation and synaptic communication. Previous studies reported impaired E/I balance in CA3 hippocampal pyramidal neurons in Mecp2 2/y mice, leading to hyperactive network states and subsequently to seizures (Calfa, Li, Rutherford, & Pozzo-Miller, 2015) . In the hippocampus, Mecp2 protein is linked to the regulation of glutamatergic synapses. Such that, loss of the protein causes significant loss of response in glutamatergic synapses and overexpression of the protein enhances the synaptic response (Chao, Zoghbi, & Rosenmund, 2007) .
In sensory cortex layer V, global loss of Mecp2 shifts the E/I balance in FIG URE 4 Dendritic features of layer IV spiny stellate cells in the barrel cortex. (a) Golgi-stained layer IV spiny stellate cells from both control (n 5 18 neurons from three mice) and Mecp2 2/y (n 5 37 neurons from three mice) groups were reconstructed, spines are omitted in the illustrations. The complexity of dendritic tress was evaluated by a series of three-dimensional concentric spheres with 20 lm intervals. The numbers of intersections between the spheres and dendrites were counted against the distance from the soma (b). The bifurcation nodes and dendritic terminals were also counted and plotted against the distance from the soma (c) and (d). The numbers of dendritic segments in different dendritic were quantified (e). The length of intermodal segments and terminal segments in different dendritic orders were measured (f and g). Results are mean 6 SEM. Asterisks indicate significant difference between control and Mecp2 2/y mice (*p < .05; **p < .01; ***p < .001) favor of inhibition (Dani et al., 2005) . Selective deletion of Mecp2 from cortical excitatory neurons (in Emx1 cre ; Mecp2 flox mice) reduces
GABAergic transmission in layer V pyramidal neurons of the prefrontal and somatosensory cortices (Zhang, Peterson, Beyer, Frankel, & Zhang, 2014) . Local synaptic circuits in prefrontal cortex layer II/III of Mecp2 2/ y mice exhibit reduced excitatory activity (Wood & Shepherd, 2010) .
Loss of Mecp2 from GABAergic neurons in mice have been correlated
with some behavioral symptoms of RTT, suggesting that Mecp2 is important for the maturation and normal functioning of the GABAergic circuitry (Chao et al., 2010) .
Recently, we examined the E/I balance in layer IV neurons of the barrel cortex in young Mecp2 2/y mice. We used whole-cell recordings in thalamocortical slices and found that the E/I balance is altered in favor of inhibition (Lo et al., 2016) . Altered E/I balance (Lo et al., 2016) , imprecise activation of cortical barrels following whisker stimulation, morphological changes in TCA terminals, and barrel cells (current study) are tempting to speculate that structural and functional alterations in the primary somatosensory cortex may be associated with conspicuous tactile self-stimulation behaviors, such as wringing or kneading the hands, tapping, repeated hand-to-mouth movements, characteristically seen in children with RTT.
| Loss of Mecp2 function and the barrel cortex
The primary somatosensory cortex is three synapses away from the : n 5 37 neurons from three mice). Asterisks indicate significant differences compared to control mice (*p < .05; **p < .01; ***p < .001). Mecp2 function, it is important to keep in mind that gene defects in the human nervous system rarely occur in a region-specific manner.
| Loss of Mecp2 function and morphological defects in thalamocortical circuitry
A number of studies reported altered neuronal structure in Mecp2 mutant mice, with most attention directed to the motor cortex and hippocampus, due to associated phenotypes in RTT. In layer V of the primary motor cortex of Mecp2 1/y mice pyramidal neurons reportedly have reduced basal dendritic length, shorter branches, and reduced apical tufts (Stuss, Boyd, Levin, & Delaney, 2012) . Reductions in somal size and dendritic complexity have been reported for the callosal projection neurons of layer II/III as well (Kishi & Macklis, 2010) .
In this study, VSDi revealed that whisker-evoked sensory activity in the barrel cortex is not as precise and circumscribed as that seen in control cases. This impaired activity pattern is probably due to multiple Along with notable decrease in the numbers of dendritic segments distally, we found reduced spine density in distal dendrites. Dendritic spines are perhaps the most active sites of synaptic communication.
Decreased spine density and size have been noted in some brain regions of Mecp2 mutant mice, for example, the hippocampal CA1 neurons and layer V pyramidal cells in the motor cortex (Belichenko et al., 2009; Chapleau et al., 2009 Chapleau et al., , 2012 Stuss et al., 2012) . Chapleau et al. (2012) , however noted that dendritic spine density in CA1 hippocampus stratum radiatum in Mecp2 mutant mice after postnatal day 15 was similar to controls, even though the mutant mice showed characteristic RTT-like symptoms. The distal dendritic protrusions develop later than the proximal dendritic segments. Another possible cause of altered distal dendritic profiles could be the reduction in brain and body weight of Mecp2 2/y mice as they get older. These mice show normal physical appearance at the time of birth but impaired development after weaning. Mecp2 2/y mice have lighter body weight and shorter lifespan (up to about 8 weeks).
Collectively, our present results from the barrel cortex of Mecp2 mutants confirmed observations in other brain regions and further added to them how structural alterations could be correlated with defective sensory periphery-related activity in the neocortex.
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